ABSTRACT: We present a systematic investigation of the gain properties of a gas electron multiplier (GEM) foil in pure dimethyl ether (DME) at low pressures. The GEM is made from copperclad liquid crystal polymer insulator (LCP-GEM) designed for space use, and is applied to a time projection chamber filled with low-pressure DME gas to observe the linear polarization of cosmic X-rays. We have measured gains of a 100 µm-thick LCP-GEM as a function of the voltage between GEM electrodes at various gas pressures ranging from 10 to 190 Torr with 6.4 keV X-rays. The highest gain at 190 Torr is about 2×10 4 , while that at 20 Torr is about 500. We find that the pressure and electric-field dependence of the GEM gain is described by the first Townsend coefficient. The energy scale from 4.5 to 8.0 keV is linear with non-linearity of less than 1.4% above 30 Torr.
Introduction
A Gas Electron Multiplier (GEM) invented by F. Sauli in 1996 [1] is one of the micro-pattern gas detectors. We have developed GEMs which are designed for space use and consist of copper electrodes and a liquid crystal polymer insulator (LCP-GEM) using laser etching technique [2, 3] . The effective gain of the LCP-GEM with a hole pitch of 140 µm, a hole diameter of 70 µm, and a thickness of 100 µm reaches 10 4 at an applied voltage of 720 V in mixture of 70% Ar and 30% CO 2 at 1 atm [3] . The LCP-GEM shows a stable gain with time variation of about 0.5% for 3 hours since the high voltage is applied to the LCP-GEM electrodes [3] . In addition, the LCP-GEM shows a good gain uniformity across the whole active surface with a standard deviation of about 4% [3, 4] . The distribution of hole diameters across the LCP-GEM is homogeneous with a standard deviation of about 3% [3, 4] .
The primary purpose of our LCP-GEM development is to construct a photoelectric X-ray polarimeter on-board the NASA's sounding rocket, XACT, the first dedicated mission for highsensitive observation of cosmic X-ray polarization [5] . To detect linear X-ray polarization with the photoelectric effect which is the dominant interaction in the X-ray region, it is necessary to know the direction of photoelectrons emission. As a result of the photoionization of an atomic s-orbital electron, a photoelectron is ejected preferentially in the direction of the electric field of the incident X-ray [6] . The polarimeter uses Time Projection Chamber (TPC) technique with strip readout to image the photoelectron tracks. Drifting electrons forming the photoelectron track are multiplied by the single LCP-GEM and then are collected by strip electrodes with 121 µm pitch and read by APV25 [7] with 20 MHz sampling. The GEM gain required for the polarimeter is 3000. The polarimeter also has the spectroscopic ability with an energy resolution of < 20% in FWHM at 6.4 keV by reading signals from the GEM cathode. The detailed design of the polarimeter is described elsewhere [6] .
Pure dimethyl ether (DME) is selected as a detector gas because of its slow drift velocity and small diffusion of drift electrons [8] . The high-sensitive measurement of X-ray polarization requires fine photoelectron track images. Therefore, a low-pressure gas is suitable to extend the track length. On the other hand, a low-pressure gas decreases the X-ray detection efficiency of the polarimeter. We anticipate that the optimum gas pressure for DME ranges from 50 to 150 Torr in consideration of trade-off between detected count rate and modulation factor [5] . However LCPGEMs have never been operated below 190 Torr. In those low gas pressures, discharge is one of the most significant risk to operate a GEM.
In this paper, we report systematic studies of LCP-GEM gains in pure DME below 190 Torr under stable performance of electronic amplification without discharge. Section 2 details the experimental setup and procedure. We describe gain curves at various low pressures in Section 3.1, explanation of the gain behavior with the first Townsend coefficient in Section 3.2 and energy scale linearity in Section 3.3. We show normal operation limit without discharge for LCP-GEM at lower pressure in Section 3.4. Lastly, we summarize the observation results in Section 4.
Experimental setup and procedure
The LCP-GEM foil we used in this work was the identical geometry to the flight one for the XACT rocket mission with the hole pitch of 140 µm, the hole diameter of 70 µm, the thickness of 100 µm, and the active area of 78 × 30 mm 2 . The cross-section and top view of the LCP-GEM are shown in Figures 1 and 2 , respectively. Figure 3 shows a schematic view of the LCP-GEM test setup. The chamber was filled with DME gas with purity of 99.99% and consisted of a drift plane, the LCP-GEM foil, and a readout pad, all of which had the active area of 78 × 30 mm 2 . The gap between the drift plane and LCP-GEM was 20.5 mm and that between the LCP-GEM and readout pad was 1.0 mm. A high voltage was applied to the drift plane with a power supply, REPIC RPH-042. The electric field in the drift region (E d ) at each gas pressure (P) was adjusted based on the numerically predicted relation with Magboltz [9] , E d = 196 × P/(190 Torr) V cm −1 , so that the electron drift velocity becomes a constant value of 0.24 µm ns −1 , which is the same velocity as that for the rocket mission. The high voltages applied to the GEM electrodes were supplied by another REPIC RPH-042 with a voltage divider consisting of three resistors, one of which (R3 in Figure 3 ) was adjustable to avoid electron amplification in the induction region by limiting the electric field in that region (E i ) below E i < 4000×P/(190 Torr) V cm −1 [10] . X-rays from an X-ray generator were collimated to a diameter of 200 µm with a lead collimator. The beam was introduced into the chamber through the a Beryllium window in parallel to the LCP-GEM at the drift height from the GEM cathode of 1 mm.
The detailed characteristics of the preamplifiers and main amplifiers for the readout pad and GEM electrodes are summarized in Table 1 . The custom-made amplifier for readout pad signals had a discriminator and gate generator to activate a trigger for a data acquisition system. Individual amplified pulse heights of the readout pad, GEM cathode, and GEM anode were simultaneously converted to digital value by a VME peak-hold ADC (Clear Pulse 1113A) in synchronization with the trigger, and were recorded in a hard disk with a Linux machine.
Before the gain measurement, we determined conversion factor of individual signal readout systems from the ADC channel to the charge amount in coulomb by inputting test pulses to the preamplifiers. Next, we measured GEM gain curves at various gas pressure ranging from 10 to 190 Torr with 6.4 keV (Fe-Kα) X-rays. Then we evaluated energy scale linearity at different gas pressure with 4.5 (Ti-Kα), 6.4 and 8.0 keV (Cu-Kα) by changing a target material in the X-ray generator. We collected 30000 X-ray events at each measurement. At each gas pressure, we measured the GEM gain with gradual increase of the GEM voltage and stopped the gain measurement to prevent unexpected breakdown due to the rapid increase of micro-discharges when the total count of overflow events caused by discharge exceeded 30 counts, 0.1% of total count of the collected events. Figure 4 shows an ADC spectrum obtained from the readout pad when the chamber is irradiated with 6.4 keV X-rays at gas pressure of 190 Torr and the GEM voltage (dV GEM ) of 400 V. The spectral peak has the low-energy tail which is thought to be due to energy loss caused by photoelectron collisions with the GEM. We fitted a Gaussian model to the spectrum and got the energy resolution of 20% in FWHM. We derived the effective GEM gain (G eff ) from the following formula:
where Q mean is the total amount of charges induced in the readout pad calculated from the best-fit peak channel of the Gaussian model, e is the electron charge of 1.602 × 10 −19 C, and n e is the total number of electron-ion pairs created by an incident X-ray. We employed n e = 268 for 6.4 keV X-rays in pure DME [8] . Figure 5 shows effective gain curves of the LCP-GEM at different gas pressures from 20 to 190 Torr. The highest gain under stable operation at 190 Torr is 2 × 10 4 at dV GEM = 560 V, while that at 20 Torr is ∼ 300 at dV GEM = 470 V. The highest gain above 50 Torr exceeds 3000, which meets the polarimeter requirement. Although the gain curve at 190 Torr can be reproduced by an exponential function. the others at lower pressure show deviation from it.
In addition, we determined the real GEM gain (G real ) derived from the sum of charge amounts induced in the readout pad and GEM anode using the same data set. The real gain represents the amplification degree for electrons drifting in the GEM hole, while the effective gain is the real gain multiplied by the amplified electron collection efficiency of the readout pad [11] . Figure 6 shows real gain curves at different gas pressures from 20 to 190 Torr. The real gain is approximately twice of the effective one because the charge amount of the GEM anode is almost the same as that of the readout pad. The highest gain at 190 Torr is 4 × 10 4 , while that at 20 Torr is ∼ 600. These real gain curves also show deviation from an exponential function.
Comparison of the first Townsend coefficient
To comprehensively characterize the gain variations with different gas pressures and GEM voltages, we derived the first Townsend coefficient, α, given by
where x is the amplification length for electrons. Here, x was assumed to be the GEM thickness of 100 µm. Figure 7 shows the observed α as a function of E GEM /P superposed with Magboltz [9] predictions. E GEM is the electric field applied to the GEM and was estimated from the GEM operating voltage divided by the GEM thickness of 100 µm. The Magboltz simulation assumes a uniform electric field.The data points is roughly reproduced with an exponential function, although they show deviation from it in the higher E GEM /P range. This is because DME ions gain a high enough kinetic energy from such a strong electric field to ionize DME molecules and emit additional electrons which are amplified in the GEM hole. The measured α values were ∼ 80% of Magboltz ones, suggesting that the distance of electron amplification in the GEM hole was not the GEM thickness of 100 µm but ∼ 80 µm. The suggestion is supported by Ref [12] who showed that the avalanche distance for electron is shorter than the GEM thickness by a Garfield simulation. The residuals from the exponential model change with the electric field in the bottom panel of Figure 7 . One reason is that the distance of electron amplification in the GEM hole depends on the GEM operating voltage. Another reason is that the measured charge depends on the induction electric field (E i ) which changed at each gain measurement by adjusting the resistor R3 in Figure 3 . Sharma et al. (1993) [13] studied the behavior of α/P vs. E/P in pure DME and fitted the following empirical formula: α
where A and B are free parameters. Sharma et al. (1993) reported A = 8.0 and B = 213.1 for their measurements. We note that the measurements of [13] were carried out with a parallel plate in E/P range of 20-30 V cm −1 Torr −1 , which was ∼ 10 times lower than our measurements. With the same way descried in Ref [13] , we fitted the empirical formula to the data points. The best-fit values of A and B are respectively 29.22 ± 0.52 and 511 ± 10, both of which are a few times larger than the values in Sharma. A possible explanation of these differences is that the electric field in the GEM holed is more complex than that of the parallel plate.
Linearity of Energy Scale
In order to verify that the LCP-GEM operates in the proportional region below 190 Torr, we measured the linearity of energy scale with 4.5, 6.4, and 8.0 keV X-rays. Figure 8 shows the charge amount of the readout pad at 30 Torr. The non-linearity of the energy scale is less than 1.4%, indicating that the LCP-GEM operated in the proportional region at 30 Torr. In addition, the linearity at 50, 70, 110 and 190 Torr was confirmed with the same way as that at 30 Torr. 
Signal shapes at 10 Torr
We investigated the LCP-GEM performance at lower pressure, 10 Torr. Figure 9 shows waveform of the ORTEC 109PC preamplifier output from the readout pad. Because the AMPTEK A225, which was used for the gain and energy scale measurements, contained the shaping amplifier, it was replaced with ORTEC 109PC without shaping function to check signal waveform as raw as possible. At dV GEM of 430 V, the signal waveform with the duration about 10 µs and the pulse height of about 4 mV was similar to those at 30 Torr. However, the signal shape dramatically changed above 437 V. At dV GEM of 437 V, the signal had a much longer duration of about 10 ms, and a much lager pulse height of 200 mV, compared to the normal signal at 430 V. Furthermore, the signal duration at dV GEM = 440 V got longer than that at 437 V, while the pulse height did not change. These signals disappeared when X-ray irradiation stopped, showing that they were induced by incident X-rays from the X-ray generator. According to the gas ionization curve, the operation mode of a gas chamber transits from the proportional region to the Geiger region as the voltage goes up and/or the pressure goes down [14] . The signal duration in the Geiger region takes just a few 100 µs in a Geiger counter because the ultraviolet photons produced in the original avalanche cause consecutive avalanches in the region [14] . The feature of the long signal in the Geiger region is similar to the measured one at dV GEM > 437 V and 10 Torr. Therefore, it appears likely that the operation mode of LCP-GEM transits from the proportional to the Geiger region at dV GEM > 437 V and 10 Torr. Further studies are needed to confirm our understanding.
Summary
We have measured the gain properties of the LCP-GEM in pure DME gas at various low pressures below 190 Torr. Here is the summary of the experimental results:
• We measured the LCP-GEM gain curves at 20-190 Torr. The effective gain at 190 Torr reached ∼ 2 × 10 4 at dV GEM = 560 V without any micro-discharge, while that at 20 Torr was ∼ 300 at dV GEM = 470 V.
• The LCP-GEM gains at various gas pressures and GEM voltages were characterized by the first Townsend coefficient α.
• We found that measured α/P values were consistent with those simulated with Magboltz assuming that amplification length for electrons was ∼80 µm which was 80% of the actual GEM thickness.
• The energy scale from 4.5 to 8.0 keV was linear in the pressure range of 30 to 190 Torr.
• The signal waveform at 10 Torr got long (∼ 10 ms) and high (∼ 200 mV) above the GEM voltage of 437 V, suggesting transition from proportional to Geiger mode of the LCP-GEM.
